Introduction {#Sec1}
============

Huntington's disease is a devastating, dominantly inherited neurodegenerative disorder caused by expansion of the number of CAG triplets in the first exon of the huntingtin (*htt*) gene. Expression of mutated Htt (mHtt) induces profound changes in calcium and protein homeostasis that lead ultimately to transcriptional deregulation and synaptic dysfunction \[[@CR1]\]. Synaptic dysfunction in HD, and in other neurodegenerative diseases including Alzheimer's and Parkinson's diseases, is largely related to failed protein homeostasis because of a defective unfolded protein response (UPR) and accumulation of pathogenic protein aggregates at synapses \[[@CR2]--[@CR6]\]. Defective UPR in HD is associated with reduced ATF6 processing and a poor pro-adaptive UPR response in the striatum of patients and in HD mouse models \[[@CR7], [@CR8]\]. HD neuropathology involves the nearly total loss of motor, cognitive, and emotional control, which is associated with selective death of striatal medium spiny neurons as well as of cortical neurons, the majority of which project to the striatum \[[@CR1]\].

DREAM, also known as calsenilin or KChIP3, is a NCS protein that regulates Ca^2+^ homeostasis and neuronal survival through transcriptional control of target genes and through protein-protein interactions \[[@CR9]--[@CR12]\]. Transcriptomic and ChIP-seq analyses showed that DREAM is a master-switch transcription factor that regulates the on/off status of specific Ca^2+^-dependent gene expression programs that control synaptic plasticity, learning, and memory \[[@CR13], [@CR14]\]. Long-term depression (LTD), a form of synaptic plasticity, contextual fear, and spatial memory, as well as behavioral anxiety are impaired in transgenic mice that overexpress a dominant active mutant of DREAM (daDREAM) \[[@CR15]\]. DREAM-deficient mice show changes in fear conditioning tests \[[@CR16], [@CR17]\] and a slight increase in long-term potentiation (LTP) in the dentate gyrus of the hippocampal formation \[[@CR18]\]. The mechanism involves postsynaptic modulation of NMDA (N-methyl-D-aspartic acid) receptors by DREAM through a Ca^2+^-dependent interaction with PSD-95 (post-synaptic density protein 95) \[[@CR15]\], or by direct interaction with the NMDA-R1 subunit \[[@CR19]\]. In addition, neuronal expression of daDREAM in daDREAM transgenic mice resulted in a complex phenotype that shows i) loss of recurrent inhibition and enhanced LTP in the dentate gyrus as well as impaired learning and memory \[[@CR13]\], ii) changes in the expression of specific activity-dependent transcription factors in the hippocampus, including Npas4, Nr4a1 and c-Fos; in addition, these mice have iii) changes in the expression of genes related to the cytoskeleton such as Arc, formin 1 and gelsolin, which are responsible for specific changes in dendritic arborization and spine density in CA1 pyramidal neurons and granule cells of the dentate gyrus \[[@CR14]\]. Together these changes recapitulate the role of DREAM in structural plasticity in the hippocampus.

DREAM expression is reduced in murine HD models and in HD patients compared to wild-type mice or healthy individuals \[[@CR8]\]. In the R6/2 HD mouse model, decreased DREAM levels are detectable already a few weeks after birth, well before the onset of disease symptoms. Genetic experiments indicated that DREAM downregulation is part of an endogenous neuroprotective mechanism to counteract an equally early failure in ATF6 processing and UPR dysfunction \[[@CR8]\]. Chronic administration of repaglinide, an oral hypoglycemic drug that interacts with DREAM, enhances ATF6 processing, which improves the UPR pro-survival function and reduces neuronal loss in the R6/2 mouse striatum \[[@CR8]\]. The mechanism involves repaglinide disruption of the Ca^2+^-dependent DREAM-ATF6 interaction and nuclear accumulation of transcriptionally active ATF6. Improved UPR after chronic repaglinide administration results in delayed onset and slowed progression of motor disease symptoms \[[@CR8]\].

Reduced DREAM mRNA levels are also observed in the hippocampus and the cerebral cortex in HD mouse models \[[@CR8]\], and decreased nuclear ATF6 immunoreactivity was reported in cortical neurons from HD patients \[[@CR7]\]. It is currently not known whether these observations are indicative of an equivalent neuroprotective mechanism by DREAM downregulation that prevents cognitive decline in HD. Here we show that blockade of DREAM activity by repaglinide or by induced DREAM haplodeficiency delayed onset of memory deficits in adult R6/1 mice. We also show that DREAM expression is reduced in the hippocampus of HD patients, while there is no change for other NCS proteins.

Methods {#Sec2}
=======

Mice and in vivo treatment {#Sec3}
--------------------------

R6/1 mice were originally obtained from Jackson Laboratories. The colony was maintained by breeding male R6/1 with CBA × C57BL/6 mice to obtain heterozygous mutants and wild-type offspring. Genotype and CAG-repeat length were determined by PCR-based amplification using genomic DNA extracted from tail biopsies. Our R6/1 colony had an average repeat length close to 150 repeats, more than the110 repeats originally reported for this mutant transgenic line \[[@CR20]\]. Only R6/1 mice with fewer than 170 CAG repeats were used in these experiments. Repaglinide (2 μg/ml) or vehicle (DMSO; 0.2 μl/ml) was administered chronically in drinking water shortly after weaning.

Behavioral analysis {#Sec4}
-------------------

Experiments were performed in R6/1 mice and wild-type littermates of the indicated ages. Mice were initially housed five per cage in a temperature- (21 ± 1 °C) and humidity- (65 ± 10%) controlled room with a 12/12-h light/dark cycle (lights on from 08:00 to 20:00 h), with food and water ad libitum. All experiments took place during the light phase. All behavioral experiments were carried out in blind conditions for genotype and treatment.

The rotarod test was used to measure motor coordination and balance (Accelerating Model, Ugo Basile, Biological Research Apparatus). For basal rotarod performance, mice were tested on two consecutive days. On day 1 (training), each mouse was placed on the rotarod at a constant speed (4 r.p.m.) for a maximum of 60 s. The procedure was repeated three times with a rest period of 30 min between trials. On day 2 (experiment), mice received one training trial at constant speed (4 r.p.m.) for a maximum of 60 s, followed by three test trials with acceleration from 4 to 40 r.p.m. over a period of 60 s and the latency to fall off the rotarod within this period was recorded. Any mice remaining on the apparatus after 60 s were removed and their time scored as 60 s. Data from the three test trials were averaged for each animal and used for statistical analyses.

The novel object recognition test was performed as reported \[[@CR21], [@CR22]\]. In brief, mice were first individually habituated to the open-field for 50 min. The next day, they were submitted to a 10-min acquisition trial (first trial) during which they were placed in the open-field in the presence of object A. The time the animal took to explore object A (animal's snout directed toward the object at a distance \< 1 cm) was recorded. Two 10-min retention trials occurred 4 h later (second trial) and 24 h later (third trial). During the second and third trials, objects A and B (second trial) or C (third trial) were placed in the open-field, and the times the animal took to explore object A (tA) and the novel objects B or C (tN) were recorded. A discrimination index was defined as \[(tN -- tA)/(tA + tN)\] × 100. Mice that explored less than five seconds during the initial ten minutes acquisition trial were excluded from the test. Similarly, mice exploring less than five seconds during a given retention trial (4 or 24 h) were excluded from that analysis.

Western blot {#Sec5}
------------

Hippocampal whole cell extracts were prepared as described \[[@CR14]\]. In brief, brain tissue was homogenized on ice in RIPA buffer (9806, Cell Signaling Technology) supplemented with protease inhibitor (cOmplete EDTA-free, Roche) and 1 mM PMSF (phenylmethanesulfonyl fluoride). Extracts were cleared by centrifugation (14,000 g, 20 min. 4 °C). Samples (20--30 μg) were analyzed by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) and immunoblot. PVDF (polyvinylidene difluoride) membranes were incubated (overnight, 4 °C) with specific antibodies to DREAM (Ab731, \[[@CR23]\]), ATF6α (A303--719, Bethyl), hippocalcin (G-8, Santa Cruz), VILIP-1 (C-term, Abgent) or to NCS-1 (C-15, Santa Cruz). Equal protein loading was measured by Coomassie staining of the membrane after immunoblotting (Additional file [1](#MOESM1){ref-type="media"}). Secondary antibodies used were HRP (horseradish peroxidase)-conjugated donkey anti-rabbit, −mouse or -goat IgG antibody (Jackson) and detection was with ECL Select (GE Healthcare). Lane and band intensity were quantified with ImageLab software (BioRad).

Statistical analyses {#Sec6}
--------------------

All data values are shown as mean ± SEM. Differences were considered significant at *P* \< 0.05. When possible, two-way ANOVA was used to analyze statistical differences among groups. In the case of unequal or small sample size or non-Gaussian distribution, comparisons between groups were analyzed using the nonparametric ANOVA, Kruskal-Wallis test with Dunn's multiple comparisons between groups. Two-group comparison was performed with unpaired 2-tailed Student's t test. Animal experiments were randomized. Sample size was not predetermined by statistical method. Prism GraphPad Software 6.0 was used to plot graphs and for statistical analysis.

Results {#Sec7}
=======

Chronic repaglinide administration delays onset of memory impairment in R6/1 mice {#Sec8}
---------------------------------------------------------------------------------

Using the novel object recognition test, we found that short- and long-term memory were significantly impaired at early stages of the Huntington's pathology in R6/1 mice. These data confirmed previous reports \[[@CR24]--[@CR26]\]. The cognitive decline was already noticeable at 16 weeks after birth (Fig. [1a](#Fig1){ref-type="fig"}). Chronic repaglinide administration (2 μg/ml; ad lib in drinking water), which was begun shortly after weaning, partially prevented this decline and restored discrimination ability at 4 h after the test (short-term memory). Repaglinide nonetheless did not improve cognition decline when tested 24 h later (long-term memory) (Fig. [1a](#Fig1){ref-type="fig"}). Impaired short- and long-term memory were also observed in 20-week-old R6/1 mice, although chronic repaglinide administration had no effect on cognition loss at this disease stage (Fig. [1b](#Fig1){ref-type="fig"}); repaglinide nonetheless effectively reduced the post-prandial increase in circulating glucose levels in 20-week-old R6/1 mice (Fig. [1c](#Fig1){ref-type="fig"}). As reported in R6/2 mice \[[@CR8]\], extended repaglinide administration in R6/1 or wild-type littermates produced no obvious adverse effects and had no effect on progressive body weight loss in transgenic R6/1 mice (Fig. [1d](#Fig1){ref-type="fig"}).Fig. 1Repaglinide delays the onset of cognitive impairment in R6/1 mice. Memory was assessed in 16- (**a**) and 20-weeks (**b**) wt or R6/1 old mice using the novel object recognition test. Mice received repaglinide (RP) or vehicle (DMSO) in drinking water from shortly after weaning. The discrimination index (D.I.) reflects the ability to recognize novelty 4 or 24 h after first exposure to the object. The number of mice included in the novel object recognition test: wt-DMSO (26--31), wt-RP (14--21), R6/1-DMSO (18--37), R6/1-RP (12--20). **c** Circulating glucose levels in 20-week-old mice of the indicated genotype and treatment. After overnight fasting, mice had access to food pellets for 1 h before testing. The number of mice used for glucose determination: wt-DMSO (10), wt-RP (15), R6/1-DMSO (10), R6/1-RP (20). **d** Body weight of 20-week-old male mice of the indicated genotype and treatment. The number of mice used for body weight determination: wt-DMSO (9), wt-RP (6), R6/1-DMSO (6), R6/1-RP (6). Data are shown as mean ± SEM. Non-parametric ANOVA, Kruskal-Wallis test (*P* values: a) 0.0014 and 0.006 for 4 and 24 h, respectively; b) 0.0003 and 0.0118 for 4 and 24 h, respectively; c) 0.0017; d) 0.0009) with Dunn's multiple comparisons between selected groups was used, \*\*\* *p* \<0.005, \*\* *p* \<0.01, \* *p* \<0.05 vs wt-DMSO, \# *p* \<0.05, R6/1-RP vs R6/1-DMSO

Parallel assessment of R6/1 mice in the rotarod test showed impaired motor coordination at 16 weeks, which became more pronounced by 20 weeks after birth (Fig. [2](#Fig2){ref-type="fig"}), as reported \[[@CR24]--[@CR26]\]. Chronic repaglinide administration blocked motor dysfunction at 16 weeks, but had no effect in 20-week-old R6/1 mice (Fig. [2](#Fig2){ref-type="fig"}). The transient effect of repaglinide in R6/1 mice is similar to its lack of effect on motor coordination in R6/2 mice at more advanced stages of the disease \[[@CR8]\].Fig. 2Latency to fall in the rotarod test. Motor coordination was assessed in 16- (**a**) and 20-weeks (**b**) wt or R6/1 old mice using the rotarod test. Mice of indicated genotypes and ages were exposed chronically to vehicle or repaglinide. The number of mice used: wt-DMSO (35), wt-RP (20), R6/1-DMSO (30), R6/1-RP (24). Data are shown as mean ± SEM. Nonparametric ANOVA, Kruskal-Wallis test (*P* values for both panels \< 0.0001) with Dunn's multiple comparisons between selected groups was used. \*\*\*\* *p* \< 0.0001 vs wt-DMSO; \# *p* \< 0.05 R6/1-RP vs R6/1-DMSO

Ablation of one copy of DREAM in double transgenic R6/1xDREAM^+/−^ mice significantly improved the discrimination index at 4 and 24 h after exposure to the novel objects in 16-week-old mice, whereas the effect was not significant in 20-week-old mice (Fig. [3](#Fig3){ref-type="fig"}). These results parallel the delay of the onset of motor symptoms in R6/2 mice after induced DREAM haplodeficiency \[[@CR8]\].Fig. 3Induced DREAM haplodeficiency delays onset of cognitive impairment in R6/1 mice. Memory was assessed in 16- (**a**) and 20-weeks (**b**) old mice using the novel object recognition test. The number of mice used: wt (21), R6/1 (20--23), DREAM^+/−^ (9--12), R6/1× DREAM^+/−^ (9--12). DREAM haplodeficiency is indicated as D^+/−^. Data are shown as mean ± SEM. Non-parametric ANOVA, Kruskal-Wallis test (*P* values: a) 0.0262 and 0.0002 for 4 and 24 h, respectively; b) 0.0122 and 0.0187 for 4 and 24 h, respectively) with Dunn's multiple comparisons between selected groups were used. \*\*\* *p* \<0.005, \*\* *p* \<0.01, R6/1 vs wt, \#\#\# *p* \<0.005, R6/1xDR^+/−^ vs R6/1xD^+/+^

Repaglinide administration normalizes ATF6 processing in the R6/1 mouse hippocampus {#Sec9}
-----------------------------------------------------------------------------------

Reduced DREAM mRNA expression and protein levels in the brain of R6/1 and R6/2 mice is a neuroprotective response, and further inhibition of DREAM activity is associated with improved motor coordination in the HD mice treated with repaglinide \[[@CR8]\]. To test whether a similar mechanism is involved in the partial protection from cognitive decline in repaglinide-treated HD mice, we analyzed the effect of repaglinide administration on ATF6 processing in R6/1 hippocampus, a brain area involved in learning and memory \[[@CR27]\].

ATF6 processing, measured as the ratio between the processed (p50) and the full-length (p100) forms of the protein, was markedly reduced in the R6/1 mouse hippocampus compared to wild-type littermates (Fig. [4](#Fig4){ref-type="fig"}). Repaglinide normalized ATF6 processing in the R6/1 mouse hippocampus without changing ATF6 processing in wild-type littermates (Fig. [4](#Fig4){ref-type="fig"}). Recovery of ATF6 processing in the R6/1 hippocampus thus correlates with delayed cognition impairment after repaglinide administration.Fig. 4Repaglinide activates ATF6 processing in mouse hippocampal neurons. Western blot analysis of whole cell extracts from hippocampus of wild-type and R6/1 mice receiving DMSO or repaglinide. A representative blot is shown. Bands corresponding to full-length ATF6 (p100) and processed N-terminal ATF6 (p50) are shown. The normalized p50/p100 ratio based on quantification of 5 experiments is shown. Data are shown as mean ± SEM. Nonparametric ANOVA, Kruskal-Wallis test (*P* = 0.0024) with Dunn's multiple comparisons between selected groups were used. \*\* *p* \< 0.01, R6/1 vs wt-DMSO, \# *p* \< 0.05, R6/1-RP vs R6/1-DMSO

Differential changes in NCS protein expression in the hippocampus of HD patients {#Sec10}
--------------------------------------------------------------------------------

Repaglinide binds to DREAM and to other members of the NCS superfamily \[[@CR8], [@CR28]\], and changes in expression of some NCS proteins have been described in HD patients \[[@CR29]\]. We therefore analyzed whether expression of three NCS proteins other than DREAM is also reduced in hippocampus from HD patients, and might be targeted by repaglinide.

As shown in the striatum from HD patients \[[@CR8]\], DREAM protein levels are notably reduced in hippocampal samples from HD patients compared to control samples (Fig. [5](#Fig5){ref-type="fig"}). Neuronal calcium sensor-1 (NCS-1), visinin-like protein (VILIP-1) and hippocalcin levels were nonetheless similar in the same control and HD hippocampus samples (Fig. [5](#Fig5){ref-type="fig"}). These results further contribute to the idea that reduced DREAM levels in the hippocampus of HD patients may have a neuroprotective effect to limit and/or slow down cognitive decline in HD.Fig. 5DREAM levels are reduced in hippocampus from HD patients. Western blot analysis of the indicated NCS proteins in hippocampus from controls (C) (*n* = 5) and HD patients (*n* = 7). Representative blots are shown. The experiment was repeated three times. Case information for human samples used in the study is shown in Additional file [2](#MOESM2){ref-type="media"}. Quantified intensity ratio vs loading control (Coomassie staining) is shown. Unpaired two-tailed Student's *t*-test. \*\*\* *p* \< 0.005, HD vs C

Discussion {#Sec11}
==========

Early synaptic dysfunction and progressive accumulation of pathogenic protein aggregates (e.g., huntingtin inclusions, amyloid plaques, and neurofibrillary tangles) lead to gradual, inescapable cognitive impairment and neuronal death in HD and Alzheimer's disease (AD). In the case of HD, early symptoms of synaptic dysfunction in the cortico-striatal pathway include changes in NMDA receptor signaling, reduced response to external stimuli (e.g., impaired induction of activity-dependent genes), progressive loss of synaptic contacts (e.g., post-synaptic dendritic spines in excitatory synapses), and gradual degeneration of medium-sized striatal spiny neurons \[[@CR30]\]. Reduction in hippocampal volume is reported in HD patients \[[@CR31], [@CR32]\], which correlates with altered spatial short-term and recognition memories in these patients \[[@CR33], [@CR34]\]. Cognitive decline precedes motor manifestations, both in patients and in HD mouse models \[[@CR35]--[@CR37]\].

The NCS superfamily is encoded by 14 genes in mammals and, through alternative splicing, encompasses more than 40 isoforms \[[@CR38], [@CR39]\]. Guided by multiple Ca^2+^-dependent and -independent protein-protein interactions, and by a specific Ca^2+^-dependent interaction with DNA in DREAM/KChIP subfamily members \[[@CR9], [@CR40]\], NCS proteins participate in numerous physiological functions \[[@CR38], [@CR39]\]. In addition, changes in the expression of or mutations in NCS proteins are associated with several neurological disorders. NCS-1 is upregulated in patients with schizophrenia or bipolar disorder \[[@CR41]\] as well as in the substantia nigra from Parkinson's disease patients \[[@CR42]\], and a mutation in NCS-1 was found in a case of autistic spectrum disorder \[[@CR43], [@CR44]\]. Expression of neurocalcin \[[@CR45]\] and VILIP-1 \[[@CR46]\] were reduced in AD brains compared with age-matched brain samples. Increased VILIP-1 levels in cerebrospinal fluid were proposed as diagnostic and prognostic biomarkers of neuroinflammation and cognitive decline in patients with AD, dementia with Lewy bodies, or frontotemporal lobar degeneration \[[@CR47]--[@CR53]\]. Finally, decreased DREAM mRNA and protein levels \[[@CR8]\] and hippocalcin mRNA expression \[[@CR29]\] were found in striatum from Huntington's disease patients. This reduction in hippocalcin mRNA nonetheless did not correlate with striatal vulnerability, and the study did not analyze hippocalcin protein levels. Our results show that, of the NCS proteins tested, only DREAM levels were decreased in hippocampal samples from HD patients. These results further extend DREAM involvement in HD, and suggest that NCS-1, hippocalcin, and VILIP-1 are not implicated functionally in this neurodegenerative pathology.

Early downregulation of DREAM expression in the HD mouse striatum is associated with an ATF6-mediated neuroprotective mechanism that delays onset and slows progression of the motor symptoms of the disease \[[@CR8]\]. Here we show that DREAM and transcriptionally active ATF6 are also reduced in the hippocampus and that chronic administration of repaglinide improves ATF6 processing and delays memory impairment in adult R6/1 mice. Removal of one copy of DREAM in R6/1xDREAM^+/−^ double transgenic mice similarly delayed onset of cognitive loss, as assayed in the novel object recognition test. As shown for improved motor coordination in R6/2 mice \[[@CR8]\], pharmacologically or genetically induced reduction of DREAM activity in R6/1 mice also has a transient effect at the hippocampal level, as cognitive loss was delayed but not prevented in advanced disease stages. The molecular basis for this finding is presently unknown, although it might be related to the activation of additional signaling pathways that lead to irreversible neuronal death and loss of cognitive function. Reduction of mHtt mRNA levels using sustained, neuron-specific expression of synthetic zinc finger constructs that target the CAG repeats in the *mHtt* gene also provided only transient protection for neuronal loss in R6/1 mice \[[@CR54]\].

Repaglinide binding to NCS proteins was first reported in bovine brain and retinal extracts, which showed Ca^2+^-dependent binding respectively to neurocalcin and VILIP-1, or to recoverin \[[@CR28]\]. Repaglinide also binds to members of the DREAM/KChIP subfamily \[[@CR8]\], which indicates that repaglinide binding is a characteristic of all proteins of the NCS superfamily. After binding, repaglinide interferes with the biological activity of the Ca^2+^ sensor, that is, it blocks recoverin-mediated inhibition of rhodopsin kinase activity or DREAM-induced suppression of ATF6 processing \[[@CR8], [@CR28]\].

Repaglinide was developed as a potent insulinotropic agent for treatment of type-2 diabetes \[[@CR55]\]. The mechanism involves the blockade of ATP-dependent potassium channels, which induces insulin release. Like glibenclamide, another insulinotropic molecule, nanomolar concentrations of repaglinide block these channels. Repaglinide binds to DREAM and blocks activation of Kv4 potassium channels, also at nanomolar concentrations, whereas glibenclamide is inactive \[[@CR8]\]. The interaction of repaglinide with NCS proteins is specific for this group, and does not occur with other Ca^2+^-binding proteins, including calmodulin or proteins of the S-100 superfamily \[[@CR28]\].

Our results suggest that DREAM inhibition has a role in delaying cognitive decline in HD mice through a mechanism related to ATF6 processing. This neuroprotection through DREAM silencing in HD is specific, and does not apply to other NCS family members. Ongoing studies that include molecular docking and structure-activity relationship analysis will help to better understand this interaction and, ideally, to define new ligands with improved selectivity for the different NCS subfamilies.
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